shows that the same GCR flux parameterization applies to events of different intensity during the main phase. FD observations in L1 with LPF and geomagnetic storm occurrence is also presented.
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INTRODUCTION
Galactic cosmic rays (GCRs) show an almost isotropic spatial distribution in the inner heliosphere and consist of approximately 90% protons, 8% helium nuclei, 1% heavy nuclei and 1% electrons (percentages are in particle numbers to the total number). The overall GCR energy integral flux at 1 a.u. ranges approximately from 4000 particles m −2 sr −1 s −1 at solar minimum through 1000 particles m −2 sr −1 s −1 at solar maximum showing an eleven year quasi-periodicity (see for instance Papini, Grimani and Stephens 1996) . During periods of negative solar polarity (when the global solar magnetic field lines enter the Sun North Pole) the flux of positively charged particles appears to be more modulated up to a maximum of 40% at 100 MeV n −1 at solar minimum, with respect to epochs of positive solar polarity (when the global solar magnetic field lines exit the Sun North Pole, Potgieter 2013). The GCR flux modulation during epochs of opposite solar polarities present a quasi-periodicity of twenty-two years (e. g. Laurenza et al. 2014 , and references therein). In addition to these long-term GCR flux modulations, short-term variations (≤ 1 month) associated with the passage of large-scale interplanetary structures are also observed (see for instance Richardson, Wibberenz and Cane 1996; Richardson 2004; Sabbah 2000 Sabbah , 2007 Sabbah and Kudela 2011; Armano et al. 2018a; Munini et al. 2018 ).
LISA Pathfinder (LPF) was the key technology demonstrator mission of the European Space Agency (ESA) Laser Interferometer Space Antenna (LISA), the first interferometer devoted to gravitational wave detection in space in the frequency interval 10 −4 Hz -10 −1 Hz (Amaro-Seoane et al. 2017 ). The LPF spacecraft orbited around the Lagrange point L1 at 1.5 million km from Earth in the Earth-Sun direction. A high counting rate particle detector (PD; Cañizares et al. 2011) , hosted aboard the LPF mission (Antonucci et al. 2011 (Antonucci et al. , 2012 Armano et al. 2016 Armano et al. , 2018b allowed for the measurement of the GCR integral proton and helium fluxes above 70 MeV n −1 from 2016 February 18 through 2017 July 3 during the descending phase of the present solar cycle N. 24 characterized by a positive polarity period of the Sun (Grimani et al. 2017; Armano et al. 2018a,c) . The aim to place a PD aboard LPF was to measure the integral flux of particles of galactic and solar origin energetic enough to penetrate the spacecraft and charge the test masses that constitute the heart of the interferometer. Despite the PD was not meant for scientific use, it was tested on beam experiment (Mateos et al. 2012 ) and the minimum energy of 70 MeV n −1 of ions crossing the detector was measured with high accuracy.
This manuscript focuses on the characteristics of three Forbush decreases (FDs) and of nonrecurrent GCR flux short-term variations < 2 days observed during the LPF mission lifetime. FDs (Forbush 1937 (Forbush , 1954 (Forbush , 1958 Cane 2000) are sudden drops of the GCR flux intensity due the passage of interplanetary coronal mass ejections (ICMEs) and shocks. These GCR non-recurrent variations were primarily studied with the world wide neutron monitor (NM) network since the 1950s (see for instance Barouch & Burlaga 1975; Cane, Richardson and von Rosenvinge 1996) , although only cosmicray flux measurements gathered in space (Lockwood et al. 1971 ) allow for the study of the energydependence of the depressed GCR flux down to a few tens of MeV without the use of models applied to
Earth observations (Hofer and Flückiger 2000; Beer 2000; Usoskin, Bazilevskaya and Kovaltsov 2011; Usoskin et al. 2017 ). The LPF 2016 August 2 FD data (Armano et al. 2018a ) are compared here to those of the satellite experiment PAMELA (Adriani et al. 2011; Usoskin et al. 2015; Munini et al. 2018 ). The ratio of the depressed to pre-decrease GCR fluxes during the main phase of the observed
FDs is studied as a function of the energy.
FD, geomagnetic storm occurrence and the possibility of using FDs as precursor of geomagnetic activity was studied in the literature since early days (see for instance Lockwood et al. 1971; Badruddin and Kumar 2015; Chauhan, Manjula and Shrivastava 2011; Kane 2010) . FD observations with LPF and contemporaneous geomagnetic activity are illustrated here.
The low statistical errors characterizing the data provided by the PD aboard LPF allowed also for the study of GCR flux non-recurrent variations (depressions and peaks) shorter than 2 days.
This manuscript is organized as follows: in Section 2 the characteristics of the PD hosted aboard LPF are described; in Section 3 the evolution of three FDs observed with LPF are compared to simultaneous measurements of solar wind parameters carried out in L1 and to NM observations placed at different geographic latitudes; in Section 4 parameterizations of proton and helium differential flux measurements gathered in space before and during the main phase of FDs are reported; in Section 5 a brief discussion on FDs and geomagnetic storm occurrence during LPF is presented and in Section 6 the association between interplanetary structures and <2 day GCR flux non-recurrent variations is illustrated.
THE PARTICLE DETECTOR ABOARD THE LPF SPACECRAFT
The LPF spacecraft was launched with a Vega rocket from the Kourou base in French Guiana on 2015 December 3. The satellite reached its final 6-month orbit around the first Lagrangian point L1
at the end of January 2016. The spacecraft elliptical orbit was inclined by about 45 degrees to the ecliptic. Minor and major axes of the orbit were approximately 0.5 million km and 0.8 million km, respectively.
Two nearly 2-kg cubic gold-platinum free-falling test masses played the role of mirrors of the interferometer aboard LPF. Cosmic-rays with energies larger than 100 MeV n −1 penetrated approximately 13 g cm −2 of spacecraft and instrument materials and charged the test masses. This process was expected to constitute one of the main sources of noise for LISA-like space interferometers in case of intense solar energetic particle events (Shaul et al. 2006; Armano et al. 2017a) . A PD aboard LPF allowed for in situ monitoring of protons and helium nuclei of GCRs and solar particles. A shielding copper box of 6.4 mm thickness surrounded the silicon wafers in order to stop ions with energies smaller than 70 MeV n −1 . This conservative choice was made in order not to underestimate the overall incident particle flux charging the test-masses.
The LPF PD was mounted behind the spacecraft solar panels with its viewing axis along the SunEarth direction. It consisted of two ∼ 300 µm thick silicon wafers of 1.40 x 1.05 cm 2 area, placed in a telescopic arrangement at a distance of 2 cm. This detector allowed for the counting of particles traversing each of the two silicon layers (single counts). Single counts were returned to the telemetry every 15 s. The energy deposits in the rear detector of particles traversing both silicon wafers in less than 525 ns (coincidence mode) were stored on the onboard computer in histograms of 1024 energy linear bins from 0 MeV to 5 MeV and returned to the telemetry every 600 seconds. The PD geometrical factor for particle energies > 100 MeV n −1 was of 9 cm 2 sr for single counts and about one tenth of this value for particles in coincidence mode. The maximum allowed detector counting rate was 6500 counts s −1 in the single count configuration. In coincidence mode 5000 energy deposits per second was the saturation limit corresponding to an event proton fluence of 10 8 protons cm −2 at energies > 100 MeV.
The spurious test-mass acceleration noise due to the charging process was estimated before the mission launch with Monte Carlo simulations Grimani et al. 2005; Wass et al. 2005; Grimani et al. 2015) on the basis of GCR and solar energetic particle (SEP) flux predictions at the time the mission was supposed to be sent into orbit. The reliability of GCR flux predictions was positively tested with LPF data after mission end (Armano et al. 2018c ) and with the Space Station AMS-02 magnetic spectrometer experiment (Aguilar et al. 2002) preliminary data above 400 MeV n −1 presented at COSPAR 2018 (2018 July 14-22, Pasadena, USA) and expected to be reported in a forthcoming publication of the AMS collaboration. No SEP events occurred during the LPF mission, nevertheless test-mass discharging was carried out periodically with ultraviolet light beams illuminating the capacitor system surrounding the test-masses (Armano et al. 2017a (Armano et al. , 2018d for acceleration noise control.
CHARACTERISTICS OF FORBUSH DECREASES OBSERVED WITH LISA PATHFINDER
The LPF 15-s proton and helium single counts gathered between 2016 February 18 and 2017
July 3 were hourly-averaged in order to set the statistical uncertainty of each data point to 1%.
The percentage change (PC) of these measurements calculated with respect to their average value observed during each Bartels rotation (BR) was visually inspected over the LPF mission lifetime. This approach was adopted in order to limit the role of the solar modulation decrease during the years 2016- 5% to 9% during the three events. The different GCR flux decrease observed with LPF in response to similar IMF intensity increases is most likely due to the passages of interplanetary structures that depressed the GCR flux before the transit of the ICMEs. During the 2016 August 2 event only, the pre-decrease GCR flux appeared at its maximum value during the BR 2496 before the passage of the ICME that generated the FD (see Figure 7 in Armano et al. (2018a) ). NM data show PCs above effective energies ranging between 1% and 3%. Both GCR flux main and recovery phases are observed in all considered NM measurements during the 2016 July 20 FD. This is not the case for the other two events that can be clearly detected in polar NM measurements only. The energy dependence of GCR flux depressions during FDs was also discussed, for instance, in Usoskin et al. (2008) ; Grimani et al. (2011); Badruddin and Kumar (2015) . The 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31 (http://cosmicrays.oulu.fi/phi/Phi mon.txt). PAMELA helium data for the same FD appear in Fig. 
7.
The energy spectra of cosmic rays observed during the main phase of the FDs (F F D (E)) considered in this Section and corresponding pre-decrease energy spectra (F(E)) are parameterized as indicated in eqs. 1 and 2 (Papini, Grimani and Stephens 1996) , respectively: 
with b ′ > b. The parameters α and β remain unchanged since these parameters modulate the GCR flux above 10 GeV where pre-decrease and depressed fluxes present approximately the same slope as it can be observed in Figures 6 and 7 . The parameterizations reported in eqs. 1 and 2 are found to reproduce the GCR energy spectra trend in the inner heliosphere in the energy range of observations between a few tens of MeV n −1 up to hundreds of GeV n −1 in agreement with the Gleeson and Axford model (Gleeson and Axford 1968) within experimental errors of data. These parameterizations are adopted in this work instead of using the model by Gleeson and Axford during FDs (see for instance Usoskin et al. 2015) , since in this last model the modulation of GCR energy spectra is correlated with the solar modulation parameter that follows the long-term quasi-periodicity of the solar activity. The solar modulation parameter is kept here constant during each BR and it is preferred to increase the parameter b (in eq. 2) to b' (in eq. 1) to reproduce the observed GCR flux trend during a FD to decouple the effects of long and short-term GCR flux variations.
The parameters A, b, b ′ , α, β estimated for each data set are indicated in Table 2 . The χ 2 and number of degrees of freedom for each parameterization of the PAMELA data (available in https://tools.ssdc.asi.it/CosmicRays) are also reported in Table 2 and 23.00 UT of the same day. Finally, the differential flux at the maximum of the FD was estimated by increasing the parameter b of the pre-decrease differential flux (third raw in Table 2 and eq. 2) to b ′ (fourth raw in Table 2 and eq. 1) until obtaining an agreement to better than 1% between the modulated integral flux and integral flux measurements carried out with LPF and NMs. No χ 2 was calculated for LPF since no differential flux measurements are available for our experiment.
In Armano et al. (2018a) the same approach presented here was adopted by using, however, the By defining R(E) the ratio of the GCR flux interpolations that appear in eqs. 1 and 2, respectively:
it is found: 
R(E) estimated for LPF and PAMELA proton measurement interpolations are shown in Figure   8 while in Figure 9 , R(E) was calculated for the PAMELA helium observation interpolations. The simple relationship in eq. 3 allows for a quick, even though approximate, estimate of the GCR energy differential flux during the main phase of a FD when integral flux measurements during the event evolution and the differential flux before the occurrence of the same are known.
The b/b ′ ratios of the parameters estimated with the GCR flux parameterizations before and during the main phase of each FD studied in this Section (two data points were considered for the FD dated 2006 December 14 since PAMELA measured both proton and helium fluxes) appear correlated with the GCR flux percentage attenuation (PA) as it is shown in Figure 10 (solid dots). PA is defined as follows: where integrals are calculated in the energy range of data availability during each event.
In Figure 11 the continuous line indicates the best fit through the data points. If additional observations gathered in space will confirm the reliability of this simple empirical relationship, it will be possible to set a statistical significance for the same. Eight of these ICMEs presented magnetic clouds. As it was anticipated in Section 3, the GCR integral 15, respectively) were mainly concealed by the action of concomitant transits of several CHSS. On 2016 October 13 the role of a near-Earth ICME passage (from 2016 October 13 at 6.00 UT through 2016 October 14 at 16.00 UT; dashed lines in Figure 4 ) and increase of the IMF intensity > 20 nT in modulating the GCR flux could not be established since the GCR flux presented a continuous decreasing trend well before the passage of the ICME due to a previous transit of high-speed solar wind streams and HCSC on October 11, October 13 and October 14.
Geomagnetic storms are disturbances of the Earth's magnetosphere classified on the basis of their intensity by changes in the Dst (disturbance storm time) geomagnetic index representing the av-erage change of the horizontal component of the Earth's magnetic field at the magnetic equator (Gonzales et al. 2014) . Geomagnetic storms are defined weak when the Dst ranges between -30 nT and -50 nT; moderate when the Dst varies between -50 nT and -100 nT and strong when the Dst is smaller than -100 nT. Moderate geomagnetic storms, more frequent than strong ones, affect com- nT (see also Dremukhina et al. 2011 ).
GCR FLUX NON-RECURRENT VARIATIONS < 2 DAYS DURING LPF
Data visual inspection of the whole LPF data set revealed the presence of several non-recurrent substructures in the GCR flux of duration shorter than two days. A dedicated analysis was carried out to investigate the characteristics and the origin of these variations. GCR flux depressions and peaks of duration longer than 0.75 days (18 hours) with intensities > 2% were studied. GCR flux variations larger than 2% in intensity were considered in order to set the statistical significance of the selection criterion to 2-σ, being of 1% the statistical uncertainty on PD hourly averaged single count data. The LPF PD observations during each BR were compared to the IMF intensity, solar wind plasma parameters and NM measurements. Twenty-three, non-recurrent < 2-day duration GCR flux variations were observed between 2016 February 18 and 2017 July 3. These twenty-three variations consisted of six enhancements and seventeen depressions. As an example, in Figure 11 data gathered during the BR 2492 present a small depression on 2016 April 7-8 and two small peaks Figure 12 ). Several processes may generate these small peaks in the GCR flux. The most plausible is that the lowest energy GCRs (≃ 70 MeV) are excluded from regions of enhanced IMF intensity between subsequent CHSS. However, a change of the low-energy GCR spectrum slope between flux recovery phase after a CHSS passage and a new GCR flux decrease due to the passage of a subsequent CHSS may also generate a peak feature in the integral flux. An increase of the GCR flux due to the acceleration at the shock of incoming CHSS does not appear plausible on the basis of the absence of small peak structures at the passage of isolated CHSS (see Figure 6 in Armano et al. (2018a) ). As a matter of fact, both models and observations indicate that the maximum energy of particles accelerated at CIR regions is about 20 MeV (Mc Donald et al. 1975; Bones and Simpson 1976; Tsurutani et al. 1985; Desai et al. 1998; Giacalone, Jokipii and Kóta 2000; Richardson 2004; Laurenza et al. 2015) . A PD aboard LPF allowed for the measurement of the integral flux variation of GCR protons and helium nuclei above 70 MeV n −1 . The energy-dependence of FDs measured aboard LPF was compared to that of other space experiments and NMs which allow for a direct measurements of the integral flux variation of GCRs above effective energies > 10 GeV. A parameterization of predecrease energy spectra and energy spectra measured during the main phase of FDs is found to apply to different intensity events. 
